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A THEORETICAL FRAMEWORK FOR EXAMINING GEOGRAPHICAL VARIABILITY IN 
THE MICROPHYSICAL MECHANISMS OF PRECIPITATION DEVELOPMENT 
INTRODUCTION 
This interim Scientific report covers the first year of work 
performed under grant number AFOSR 82-0179. The overall goal of this study 
is to identify and evaluate the environmental or microphysical parameters 
that control the efficiency of the various mechanisms of precipitation 
development. Such evaluations can then be used as the basis for studying, 
or even predicting, the effect of geographical or climatological differences 
between regions on the microphysical mechanisms of precipitation development. 
Current scientific results are summarized in three major sections. 
The first two of these sections deal with warm rain initiation and development. 
The initiation studies explore a possible quantitative measure of precipitation 
onset. This onset signals the important transition from fair-weather cumulus 
to rain-cloud. The warm rain development studies examine the likely time 
and location of precipitation development once the cloud passes over the 
threshold from fair-weather cumulus to rain-cloud. At present, these studies 
have employed extensive runs of a "parcel" model of precipitation development. 
A companion "trajectory" model has been developed which permits a better 
look at the location of (warm) precipitation development and a comparable 
set of runs with this improved model are currently underway. The final 
scientific section discusses the factors governing the relative efficiency 
of the Hallett-Mossop ice-multiplication mechanism. In addition to these 
three sections, material is presented summarizing a number of background 
i 
studies re la t ing to the overall importance of the temperature at cloud 
base to cloud microstructure and presenting examples of geographical 
differences in cloud base temperatures. 
Work currently planned for the second ( f inal ) year on t h i s grant 
include continuation of the " t ra jec tory" model s tudies and examination of 
snowflake aggregation. 
i i 
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BACKGROUND STUDIES 
From the very onset of these studies it has been clear that cloud 
base temperature is a uniquely important parameter for assessing geographical 
variability in the microphysical mechanisms of precipitation development. It 
has significance in areas ranging from the overall water budget and 
precipitation efficiency to the actual details of the cloud microstructure 
and its evolution. If entrainment is neglected, for example, then the 
consensationally produced liquid water contents at any height above cloud 
base are uniquely defined by the temperature and pressure at cloud base. 
The build-up of condensed water with height, of course, is the basic driving 
force behind precipitation development. Estimates of these adiabatic water 
contents are shown in Figure 1 (after Ludlam, 1950). In this presentation, 
the cloud base pressures have been varied in parallel with the cloud base 
temperatures in order to produce a single graph having applicability to a 
wide variety of summertime convective clouds. The water content profiles, 
however, are not very sensitive to variations in cloud base pressure. This 
means that a single figure of this type can be used to estimate water contents 
for many different sets of meteorological conditions. 
In a sense, Figure 1 represents the maximum liquid water content that 
would he expected in the absence of a precipitation-related accumulation 
zone. The average water contents that are observed in convective clouds, 
however, are typically much lower than the adiabatic values illustrated in 
Figure 1. Warner (1970), for example, summarized a number of observations 
of the ratio of the observed mean liquid water content at a given height 
to the corresponding adiabatic value. Although there is considerable variation 
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Figure 1. Adiabatic liquid water contents for cumuliform clouds, 
Saturation with respect to liquid water is assumed 
throughout with the isopleths labeled in g m-3. The 
dashed lines indicate the corresponding temperatures 
within the clouds. 
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in the observations there is a consistent trend with the ratio decreasing 
with increasing height above cloud base. This decrease can be approximated 
by an empirical relation 
(1) 
where H is the height above cloud base in km and 
(2) 
where and La are the mean liquid water content and adiabatic liquid water 
contents respectively. Figure 2 illustrates the effect of applying (1) to 
the water contents shown in Figure l.to produce an estimate of the expected 
mean water contents as a function of height above cloud base. 
Although cloud base temperature has been frequently ignored in 
summarizing project results, I was able to compile some data on base 
temperatures of summertime convective clouds in the United States and Canada. 
Figure 3a shows the observed distributions of cloud base temperatures for 
Florida and Hawaii, while 3b shows the distributions for the Midwest and the 
Great Plains. The Florida data was obtained during the FACE-2 experiment in 
1978, 1979, and 1980 and includes data from 48 different operational days. 
Hawaiian data were ohtained from Professor Takahashi at the Cloud Physics 
Observatory in Hilo and represent observations taken over 32 different days. 
The Midwest data was combined from three different projects to give data for 
72 days. The Great Plains data was similarly combined from the NHRE, HIPLEX, 
and CCOPE projects to give data for 123 different days. Recently, similar 
data was obtained from Dr. Schemenauer at the Atmospheric Environment Service 
(Canada) for two additional Canadian sites (Fig. 3c). 
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Figure 2. Average liquid water contents for cumuliform clouds. 
Saturation with respect to liquid water is assumed 
throughout with the isopleths labeled in g m-3. The 
dashed lines indicate the corresponding temperatures 
within the clouds. 
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Figure 3a. Observed distributions of cloud base temperature 
for summertime convective clouds in Hawaii and 
Florida. 
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Figure 3b. Observed distributions of cloud base temperature for 
summertime convective clouds in the Great Plains and 
the Midwest. 
-7-
Figure 3c. Observed distributions of cloud base temperature for 
summertime convective clouds in Montana (Miles City) 
and two Canadian sites (Thunder Bay and Yellowknife). 
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These distributions are rather interesting in that they highlight the 
wide variety of cloud base temperatures expected in summertime convective 
clouds. Perhaps the most interesting feature of this data is how moist 
Midwest clouds can be, often having temperatures in the same range as found 
in Florida or Hawaii. Cloud base temperatures in the Great Plains, on the 
other hand, are significantly colder than those in the other two regions 
with little overlap between the observed distributions. Studies of clouds 
in the Great Plains are thus not likely to be relevant to clouds over much 
of Central and Eastern areas of the United States. 
WARM RAIN INITIATION 
In earlier studies ( .e.g. , Johnson, 1978; 1980) it was suggested that 
a quantitative threshold could be defined that would signal the onset of 
effective coalescence growth. This concept was the direct result of a 
limited number of tests, with the threshold that was ultimately suggested 
( > 4 x 10-3 sec-1) growing directly out of a graphical examination 
of drop growth as a function of time. In the current studies, this concept 
was re-examined and tested over a wide range of conditions. In these 
studies, possible thresholds were redefined in terms of the mass doubling 
time of the growing drop. Two different thresholds were examined - mass 
doubling in 3 minutes and mass doubling in 5 minutes. The mass doubling 
time (MDT) is a more appealing way of expressing the coalescence threshold 
since it can be relatively easily interpreted in terms of significant drop 
growth over cloud lifetimes. Since large cloud droplets beginning their 
growth to raindrops will have to double in mass approximately ten times 
before reaching raindrop proportions, these possible thresholds effectively 
-9-
restrict the description of growth as "effective" to those situations in 
which coalescence rain could be produced in the 30-50 min lifetime of a 
convective cloud. 
Figures 4-11 illustrate the growth of large drops in a variety of 
situations. In each case, drop growth is modeled in a constant updraft 
framework in which continued condensation results in a steady build up 
in water content as the parcel is lifted. In a separate series of runs 
drop growth was computed in clouds having a constant liquid water content 
and negligible updraft (1 cm s-1) . In effect, the former runs correspond 
to growth in a convective cloud, while the latter runs simulate stratiform 
clouds.  
The model used for these calculations is essentially the continuous 
collection parcel model discussed in Johnson (1982) . For use in this 
study, however, the model was modified ot include an adjustment in the 
calculated terminal velocities of cloud droplets and raindrops to account 
for changes in air density as the parcel rises. In addition, the model 
was modified to permit drop growth by condensation to be arbitrarily 
restricted to any fraction of the expected growth in an adiabatic parcel. 
If desired, the condensational growth can also be controlled to yield water 
contents that follow the empirically derived mean water contents specified 
by equation (1). 
In the convective cases (Figs. 4-11) the basic pattern is one of 
slow initial growth followed at some point by a sudden spurt of growth. 
This overall pattern and the seeming suddenness of the transition from 
slow growth to fast growth were the original features which suggested that 
it might be possible to define the transition from one growth regime to 
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Figure 4. Growth of large drops (30-200 urn initial diameter) in a simple 
cloud model. The upper plot assumed a cloud base temperature 
of 0°C. The middle plot assumed a 10°C base temperature and 
the bottom plot assumed a base temperature of 20°C. Each case 
involved adiabatic water contents. 
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Figure 5. Growth of large drops (30-200 µm initial diameter) in a simple 
cloud model. The upper plot assumed adiabatic water contents, 
the middle plot assumed water contents that were half of the 
adiabatic values, and the bottom plot assumed a height dependent 
fraction of the adiabatic water content that corresponds to 
Figure 2. In each case, the cloud base temperature was 
assumed to be 10°C. 
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Figure 6. Growth of large drops (30-200 µm initial diameter) in a simple 
cloud model. The upper plot assumed a cloud base temperature 
of 0°C. The middle plot assumed a 10°C base temperature and 
the bottom plot assumed a base temperature of 20°C. Each case 
involved adiabatic water contents. 
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Figure 7. Growth of large drops (30-200 µm initial diameter) in a simple 
cloud model. The upper plot assumed adiabatic water contents, 
the middle plot assumed water contents that were half of the 
adiabatic values, and the bottom plot assumed a height dependent 
fraction of the adiabatic water content that corresponds to 
Figure 2. In each case, the cloud base temperature was 
assumed to be 10°C. 
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Figure 8. Growth of large drops (30-200 µm initial diameter) in a simple 
cloud model. The upper plot assumed a cloud base temperature 
of 0°C. The middle plot assumed a 10°C base temperature and 
the bottom plot assumed a base temperature of 20°C. Each case 
involved adiabatic water contents. 
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Figure 9. Growth of large drops (30-200 µm initial diameter) in a simple 
cloud model. The upper plot assumed adiabatic water contents, 
the middle plot assumed water contents that were half of the 
adiabatic values, and the bottom plot assumed a height dependent 
fraction of the adiabatic water content that corresponds to 
Figure 2. In each case, the cloud base temperature was 
assumed to be 10°C. 
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Figure 10. Growth of large drops (30-200 µm initial diameter) in a simple 
cloud model. The upper plot assumed a cloud base temperature 
of 0°C. The middle plot assumed a 10°C base temperature and 
the bottom plot assumed a base temperature of 20°C. Each case 
involved adiabatic water contents. 
-1/-
Figure 11. Growth of large drops (30-200 µm initial diameter) in a simple 
cloud model. The upper plot assumed adiabatic water contents, 
the middle plot assumed water contents that were half of the 
adiabatic values, and the bottom plot assumed a height dependent 
fraction of the adiabatic water content that corresponds to 
Figure 2. In each case, the cloud base temperature was 
assumed to be 10°C. 
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the other in terms of a "coalescence threshold." The symbols superimposed 
on each growth curve indicate the points at which the coalescence growth 
alone is adequate to make a MDT of 5 minutes (left-most symbol) or 3 
minutes (right-most symbol). Either of these possible thresholds is 
capable of partitioning the growth curves into a slow initial growth 
regime and a rapid growth regime that quickly produces drops of raindrop 
dimensions. Of these two possible thresholds, the 3-min doubling is a 
rather conservative measure of the onset of rapid growth while the 5-min 
doubling is a rather optimistic estimate of the transition point. In 
most cases, however, the transition from slow to rapid growth is so fast 
that these two alternatives for defining a threshold value are not very 
far apart. This is particularly true in the cases for which drop growth 
is relatively rapid. For this reason, the most sensitive comparisons of 
the two possible thresholds are those runs in which the evolution of 
raindrops is relatively slow - i.e., those runs which have the coolest 
cloud base temperatures, highest tot al drop concentrations, weakest 
updrafts, or most entrainment. 
The stratiform runs examined drop growth in situations in which the 
weak updrafts present do not force the cloud development by the continual 
buildup in condensed liquid water, but rather have liquid water contents 
that are effectively constant with. time. In these cases the onset of 
effective coalescence growth was less dramatic and the critical parameter 
for raindrop or drizzle production seemed to be the overall time available 
for growth to continue. Although the coalescence threshold (MDT of 3 or 5 
minutes) didn't signify any marked change in the stratiform growth curves, 
it still serves as a rough indicator of the relative speed of drop growth. 
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To be useful in the context of interpreting cloud structure and 
evolution, the coalescence threshold (MDT of 3-5 minutes) must be 
re-expressed in terms that directly relate to cloud thickness or degree 
of development. Figures 12 and 13 are a start in this direction, 
identifying those drops that will grow at or above the 3 (Fig. 12) or 
5 (Fig. 13) minute MDT threshold for liquid water contents between 0 and 
3 grams per cubic meter. In each Figure, plots have been generated for 
each of six different total droplet concentrations (N = 50, 100, 200, 
400, 800, and 1200 cm-3). It is clear that there are minimum liquid 
water contents (and minimum drop diameters) for effective coalescence 
growth. If the shaded region of each plot were strictly rectangular, it 
would be possible to identify specific minimum water contents and drop 
diameters for effective coalescence growth. Since the lower-left-hand 
corner of the shaded region is curved, however, there is a degree of 
uncertainty in assigning any single minimum value of liquid water content 
as marking the transition to effective coalescence growth. One 
identifiable critical water content is the lowest value for which any 
size drop can meet the threshold criteria of a 3 or 5 minute MDT. In 
general, however, drops meeting this criteria will have to already be 
approaching millimeter dimensions. The more crucial question is when 
drops in the vicinity of 50 µm diameter are capable of starting effective 
coalescence growth since these drops may be numerous enough to have 
significant impact on subsequent cloud development (Johnson, 1982). This 
means that some compromise must be invoked between the minimum water content 
that can support effective coalescence for any sized drop and selection of 
a water content that permits the smallest diameter (and hence the most 
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Figure 12. Plots identifying the liquid water contents (shaded region) 
which are capable of supporting effective coalescence growth 
CMDT = 3 minutes) as a function of the diameter of the 
growing drop. 
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Figure 13. Plots identifying the liquid water contents (shaded region) 
which are capable of supporting effective coalescence growth 
(MDT = 5 minutes) as a function of the diameter of the 
growing drop. 
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numerous) drops possible to grow effectively. Close examination of the 
plots included in Figures 12 and 13 (as well as other plots not shown) led 
to a simple relation that may be adequate to specify a rough estimate of 
the minimum water content that could support effective coalescence growth 
as a function of the total droplet concentration: 
Lmin = 0.6 + 0.01 N 0.5 ,  (3) 
where Lmin is the minimum liquid water content in g m-3 and N is the total 
droplet concentration in cm-3. This particular relation corresponds rather 
well to both the minimum value of water content that can ever meet a MDT 
threshold of 5 minutes and (simultaneously) allow relatively small large 
drops to exceed a MDT threshold of 3 minutes. 
A similar, but independent, estimate of the minimum radius of large 
drop capable of effective coalescence growth led to the relation 
log10 Rmin = 1.5 + 0.006 N0.5 (4) 
where, as before, N is the total droplet concentration in cm-3 and Rmin is 
the minimum large drop radius in microns. 
Figure 14 repeats several of the growth curves for individual large 
drops that were previously discussed, but with additional shading to 
identify the region of the plot which (3) and (4) identify as being capable 
of supporting effective coalescence growth. While the correspondence with 
the individual growth curves is not perfect, it is apparent that these 
suggested relations can be useful tools in quantifying the start of effective 
coalescence growth. 
Another way of looking at this same threshold is illustrated in 
Figure 15. This figure is a copy of Figure 2, but with an overlay identifying 
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Figure 14. Growth of large drops (30-200 µm i n i t i a l diameter) in a 
simple cloud model. The shaded area indicates the region 
of the graph which might be expected to support effective 
coalescence growth. 
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Figure 15. Mean l iquid water contents for cumuliform clouds 
superimposed with shading to indicate the regions 
which might be expected to support effect ive 
coalescence growth. 
-25-
the region of effective coalescence growth as defined by (3) for a cloud 
base droplet concentration of 600 cm-3. This figure suggest a major difference 
between clouds with base temperatures substantially below 10°C and those with 
base temperatures substantially above 10°C. In either case, effective 
coalescence can begin within an adiabatic core within a kilometer or so 
of cloud base. In the warm based clouds, however, effective coalescence 
growth can still occur even in regions that have average water contents. 
On the other hand, in cold-based clouds average water contents would not 
be adequate to support effective coalescence growth. 
TIME AND LOCATION OF WARM RAIN DEVELOPMENT 
Following the study of coalescence onset, additional studies were 
performed to identify the time and location of precipitation formation as 
a function of the cloud base temperature, updraft velocity, total droplet 
concentration, and degree of entrainment. These studies form the bulk of 
the year 1 effort. At present, these studies have used the same continuous 
collection parcel model used to produce the individual growth curves 
(Figs. 4-11). 
Table 1 shows some of the results of these studies - presenting the 
height (m) at which the radars reflectivity factor first exceeds 10 dBZ. 
This is a commonly used measure of precipitation onset and corresponds to 
the first development of significant concentrations of Taindrops. In all 
cases in which the parcel exceeded 8 km altitude or fell below -40°C before 
reaching 10 dBZ, the height entry is replaced with a full field of asterisks. 
Tables 2 and 3 present similar data, but in these tables sub-adiabatic water 
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TABLE 1 
IBAT = 1 .0 10 DBZ ECHO HEIGHTS 
CLOUO BASE TEMPERATURE 
UPDRAFT V E L O C I T Y . M/S 
(# CONCENTHATION, CM-3) 
1 6 . 0 ( 5 0 . ) 
1 6 . 0 ( 2 0 0 . ) 
1 6 . 0 ( 6 0 0 . ) 
1 6 . 0 ( 1 2 0 0 . ) 
1 4 . 0 ( 50.) 
1 4 . 0 ( 2 0 0 . ) 
1 4 . 0 ( 6 0 0 . ) 
1 4 . 0 ( 1 2 0 0 . ) 
1 2 . 0 ( 50.) 
1 2 . 0 ( 2 0 0 . ) 
1 2 . 0 ( 6 0 0 . ) 
1 2 . 0 ( 1 2 0 0 . ) 
1 0 . 0 ( 5 0 . ) 
1 0 . 0 ( 2 0 0 . ) 
1 0 . 0 ( 6 0 0 . ) 
1 0 . 0 ( 1 2 0 0 . ) 
8 . 0 ( 5 0 . ) 
8 . 0 ( 2 0 0 . ) 
8 . 0 ( 6 0 0 . ) 
3 . 0 ( 1 2 0 0 . ) 
6 . 0 ( 5 0 . ) 
6 . 0 ( 2 0 0 . ) 
6 . 0 ( 6 0 0 . ) 
6 . 0 ( 1 2 0 0 . ) 
4 . 0 ( 5 0 . ) 
4 . 0 ( 2 0 0 . ) 
4 . 0 ( 6 0 0 . ) 
4 . 0 ( 1 2 0 0 . ) 
3 . 0 ( 5 0 . ) 
3 . 0 ( 2 0 0 . ) 
3 . 0 ( 6 0 0 . ) 
3 . 0 ( 1 2 0 0 . ) 
2 . 0 ( 5 0 . ) 
2 . 0 ( 2 0 0 . ) 
2 . 0 ( 6 0 0 . ) 
2 . 0 ( 1 2 0 0 . ) 
1 . 0 ( 5 0 . ) 
1 .0 ( 2 0 0 . ) 
1 . 0 ( 6 0 0 . ) 
1 . 0 ( 1 2 0 0 . ) 
. 5 ( 5 0 . ) 
. 5 ( 2 0 0 . ) 
. 5 ( 6 0 0 . ) 
. 5 ( 1 2 0 0 . ) 
- 1 0 
* * * * * * * * * * * * * * * * * * 
* * * * * * ****** * * * * * * 
****** 
* * * * * * * * * * * * * * * * * * ****** 
* * * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * 
* * * * * * * * * * * * 
* * * * * * 
* * **** * * * * * * * * * * * * * * * * * * 
3 6 0 1 . 
* * * * * * * * * * * * 
* * * * * * 
2 7 9 3 . 
2 9 9 5 . 
3 1 7 3 . 
3 3 2 8 . 
1 8 8 2 . 
2 0 3 3 . 
2 1 4 3 . 
2 2 4 6 . 
1 3 0 1 . 
1 4 2 3 . 
1 4 8 8 . 
1 5 8 1 . 
-5 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
3653. 3 8 4 8 . 4 0 0 4 . 4 2 4 1 . 
3 0 5 4 . 3225. 3 3 7 0 . 3 5 4 9 . 
2 4 0 7 . 2 5 5 4 . 2 6 8 2 . 2807. 
1648. 1765. 1 8 5 8 . 1937. 
1152. 1249. 1308. 1375. 
0 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
4964. 5 1 3 1 . 5198. 
****** 
4095. 4248. 4327. 4591. 
3186. 3323. 3412. 3604. 
2 6 9 2 . 2 8 1 8 . 2913. 
3 0 6 5 . 
2143. 2 2 5 7 . 2 3 5 2 . 2462. 
1 4 8 1 . 
1 5 7 6 . 
1 6 5 5 . 
1 7 2 3 . 
1042. 1122. 1176. 1229. 
5 
****** ****** ****** 
****** 
6348. 6433. 6427. 
****** 
5680. 5771. 5774. 6094. 
5 0 1 6 . 
5 1 1 2 . 
5 1 2 5 . 
5 4 1 0 . 
4341. 4442. 4466. 4716. 
3637. 3741. 3780. 3989. 
2869. 2972. 3028. 3190. 
2439. 2539. 2604. 2738. 
1954. 2047. 2120. 2220. 
1358. 1438. 1506. 1568. 
9 5 8 . 1027. 1077. 1122. 
10 
6 0 8 8 . 6134. 6110. 6 3 5 0 . 
5567. 5617. 5603. 5832. 
5041. 5094. 5089. 5307. 
4499. 4559. 4562. 4768. 
3932. 4001. 4011. 4203. 
3324. 3400. 3422. 3595. 
2644. 2725. 2764. 2905. 
2257. 2339. 2387. 2507. 
1815. 1894. 1952. 2045. 
1266. 1336. 1395. 1452. 
895. 
956. 1002. 1042. 
15 
5 4 9 9 . 5553. 5 5 2 0 . 5 6 8 8 . 
5067. 5115. 5093. 5260. 
4619. 
4665. 4653. 4818. 
4 1 4 9 . 4195. 4192. 4 3 5 4 . 
3648. 3699. 3704. 3861. 
3 1 0 0 . 3160. 3173. 3321. 
2479. 2546. 2 5 7 3 . 2 7 0 1 . 
2 1 2 2 . 2 1 9 1 . 2 2 2 8 . 2 3 3 8 . 
1710. 1780. 1826. 1914. 
1195. 1258. 1311. 1365. 
8 4 5 . 9 0 0 . 9 4 4 . 9 8 1 . 
20 
5100. 5170. 5 1 3 2 . 5 2 6 3 . 
4 7 2 1 . 4 7 7 8 . 4 7 5 0 . 4 8 8 3 . 
4323. 
4370. 4 3 5 2 . 4 4 8 7 . 
3899. 3 9 4 1 . 3 9 3 3 . 4 0 6 9 . 
3 4 4 1 . 
3 4 8 3 . 3 4 8 4 . 3618. 
2 9 3 5 . 2 9 8 4 . 2 9 9 2 . 3122. 
2 3 5 4 . 2 4 1 2 . 2 4 3 1 . 
2 5 4 8 . 
2 0 1 8 . 2 0 7 9 . 2 1 0 8 . 2 2 1 1 . 
1630. 1692. 1730. 1814. 
1141. 1198. 1245. 1298. 
8 0 7 . 8 5 7 . 8 9 8 . 933. 
25 
4 8 1 1 . 4 8 9 9 . 4 8 5 8 . 4 9 6 9 . 
4 4 6 8 . 4 5 3 6 . 4 5 0 5 . 4 6 1 8 . 
4 1 0 3 . 4 1 5 6 . 4 1 3 5 . 
4 2 5 0 . 
3 7 1 1 . 3 7 5 4 . 3743. 3 8 6 0 . 
3 2 8 4 . 3 3 2 3 . 3 3 2 0 . 3439. 
2 8 0 8 . 2 8 5 0 . 
2856. 
2973. 
2 2 5 8 . 2 3 0 8 . 2 3 2 3 . 2 4 3 2 . 
1938. 1992. 2015. 2 1 1 3 . 
1567. 1623. 1656. 1736. 
1098. 1150. 1193. 1244. 
7 7 6 . 
8 2 3 . 8 6 2 . 8 9 6 . 
30 
4588. 4698. 4654. 4754. 
4275. 4355. 4321. 4421. 
3935. 3994. 3971. 4073. 
3567. 3612. 3598. 3703. 
3163. 
3200. 3195. 3302. 
2710. 2747. 2750. 2858. 
2183. 2228. 2239. 2340. 
1875. 1924. 1943. 2036. 
1517. 1569. 1598. 1674. 
1063. 1113. 1152. 1202. 
752. 796. 8 3 3 . 866. 
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TABLE 2 
BAT = .5 10 DBZ ECHO HEIGHTS 
CLOUD BASE TEMPERATURE UPDRAFT VELOCITY, M/S (# CONCENTRATION. CM-3) -10 -5 0 5 10 15 20 25 30 
16.0 16.0 16.0 16.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** 
****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
7460. 7518. 7509. 7811. 
7 0 7 7 . 7130. 7 1 1 2 . 7368. 
14.0 14.0 14.0 14.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
7324. 7413. 7426. 7789. 
6850. 6 9 1 7 . 6 9 2 0 . 7213. 
6 5 1 8 . 6 5 7 6 . 6 5 7 1 . 6 8 2 4 . 
12.0 12.0 12.0 12.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
7 2 1 7 . 7 3 7 2 . 7 4 1 1 . 
7 8 6 0 . 
6 6 2 0 . 6 7 2 3 . 6745. 
7085. 
6 2 2 2 . 
6301. 6 3 1 4 . 
6 5 9 7 . 
5 9 3 9 . 6004. 6 0 1 0 . 6 2 5 9 . 
10.0 10.0 10.0 10.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
7129. 7 3 8 3 . 7 4 9 6 . ****** 
6 3 7 6 . 6 5 3 8 . 6 5 9 1 . 6 9 8 3 . 
5899. 6 0 1 6 . 6048. 6363. 
5 5 7 0 . 5 6 6 2 . 5 6 8 4 . 5 9 5 4 . 
5 3 3 0 . 5407. 5423. 5 6 6 4 . 
8.0 8.0 8.0 8.0 
( 5O.) ( 200.) ( 600.) (1200.) 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
6 0 8 7 . 6 3 2 1 . 6 4 4 4 . 6 8 6 3 . 
5 5 2 3 . 5 6 8 8 . 5 7 5 8 . 6 0 9 3 . 
5147. 5 2 7 6 . 5321. 
5606. 
4 8 8 1 . 4 9 8 6 . 5019. 5 2 7 1 . 
4683. 4 7 7 3 . 4798. 
5 027. 
6.0 6.0 6.0 6.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
5 6 7 7 . 
5 9 8 1 . 6 2 1 0 . 
****** 
5 0 4 3 . 5 2 5 7 . 5 3 9 0 . 5 7 1 3 . 
4 6 3 1 . 4 7 9 6 . 4 8 8 5 . 5 1 5 7 . 
4344. 4480. 4 5 4 4 . 4787. 
4 1 3 5 . 4 2 5 1 . 4 3 0 0 . 4524. 
3 9 7 7 . 4079. 4 1 1 8 . 4326. 
4. J 4.0 4.0 4.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** 
****** 
****** ****** ****** ****** 
4993. 
5 3 4 5 . ****** ****** 
4355. 4 6 0 1 . 4806. 5 0 7 2 . 
3941 . 4 1 3 2 . 4 2 7 5 . 4 5 0 4 . 
3 6 5 6 . 3 8 1 4 . 3 9 2 1 . 4 1 2 6 . 
3 4 5 0 . 3586. 3 6 7 2 . 3861 . 
3296. 3 4 1 7 . 3 4 8 8 . 3665. 
3 1 7 7 . 3 2 8 7 . 3 3 4 7 . 3 5 1 6 . 
3.0 3.0 3.0 3.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
4137. 4 4 3 0 . 4693. 4939. 
3 6 6 0 . 3 8 7 8 . 4 0 6 7 . 4 2 6 8 . 
3 3 3 9 . 3 5 1 5 . 3 6 5 9 . 3 8 3 8 . 
3 1 1 2 . 3 2 6 1 . 3 3 7 6 . 3 5 4 2 . 
2945. 3076. 3172. 3327. 
2 8 1 8 . 2 9 3 7 . 3 0 1 8 . 3 1 6 7 . 
2 7 2 0 . 2 8 2 8 . 290O. 3042. 
2.0 2.0 2.0 
2.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** 
****** 
3750. 4083. 4346. 
4584. 
3240. 3479. 3682. 3856. 
2 9 0 3 . 3092. 3253. 3 3 9 8 . 
2 6 6 8 . 2 8 2 6 . 2 9 6 0 . 3 0 8 9 . 
2 4 9 7 . 
2 6 3 4 . 2 7 4 9 . 2 8 7 0 . 
2369. 2492. 2592. 2 7 0 8 . 
2271. 2383. 24 73. 
2584. 
2194. 
2 2 9 8 . 2379. 2 4 8 8 . 
1.0 1.0 1 .0 1.0 
( 50.) ( 200.) ( 600.) (1200.) 
2909. 3245. 3414. 3710. 
2492. 2731. 2871. 
3051. 
2206. 2 3 9 2 . 2515. 2641. 
2 003. 2155. 2266. 2 3 6 7 . 
1853. 1984. 2 085. 2 1 7 3 . 
1 7 4 1 . 
1 8 5 8 . 1 9 5 1 . 
2 0 3 0 . 
1656. 1762. 1848. 1922. 
1589. 1687. 1768. 1839. 
1536. 1628. 1705. 1773. 
.5 
.5 
.5 
.5 
( 50.) ( 200.) ( 600.) (1200.) 
1957. 2196. 2299. 2522. 
1711. 
1898. 1981. 2139. 
1535. 1687. 1760. 1880. 
1405. 1533. 1600. 1695. 
1306. 1419. 1482. 1561. 
1231. 1 3 3 2 . 1393. 1461. 
1173. 1265. 1324. 1384. 
1127. 1212. 1269. 1325. 
1090. 1170. 1226. 1278. 
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TABLE 3 
DIBAT = - 1 . 0 10 DBZ ECHO HEIGHTS 
CLOUD BASE TEMPERATURE UPDRAFT VELOCITY, M/S (# CONCENTRATION, CM-3) -10 -5 0 S 10 15 20 25 30 
16.0 16.0 16.0 16.0 
( 50.) ( 2O0.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
14.0 14.0 14.0 14.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** 
****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
12.0 12.0 12.0 12.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
10.0 10.0 10.0 10.0 
( 50.) ( 2O0.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
8.0 3.0 3.0 8.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
7674. ****** ****** ****** 
7 2 4 8 . 7 5 9 7 . 7 8 0 7 . 
****** 
6.0 6.0 6.0 6.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
7 4 0 0 . 
7 9 5 4 . ****** ****** 
6 7 2 1 . 7145. 7487. 7964. 
6 2 7 8 . 6 6 3 6 . 6903. 7327. 
5 9 6 5 . 6 2 8 2 . 6 5 0 6 . 6 8 9 8 . 
4.0 4.0 4.0 4.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
6 1 6 0 . 6709. 7 2 1 7 . 7 6 7 5 . 
5 5 1 3 . 5 9 2 9 . 6 3 0 1 . 6 6 5 8 . 
5093. 5439. 5 7 4 1 . 
6 0 5 2 . 
4798. 5102. 5 3 6 0 . 5648. 
4 5 8 1 . 4 8 5 5 . 5 0 8 3 . 5 3 5 8 . 
3.0 3.0 3.0 
3 . 0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
5761. 
6 3 9 0 . ****** ****** 
5011. 5 4 5 5 . 5843. 6 1 7 7 . 
4 5 4 2 . 
4 8 9 7 . 5 2 1 1 . 
5 4 8 4 . 
4222. 
4 5 2 7 . 4795. 
5038. 
3 9 9 1 . 4 263. 4 5 0 1 . 4 7 2 7 . 
3 8 1 7 . 4 0 6 6 . 4 2 8 3 . 4 4 9 8 . 
2 . 0 
2 . 0 
2.0 2.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
5034. ****** ****** ****** 
4291. 4753. 5076. 5423. 
3820. 4175. 4448. 4 6 9 7 . 
3 4 9 9 . 3 7 9 5 . 4 0 3 6 . 4 2 4 2 . 
3269. 3528. 3746. 3929. 
3 0 9 9 . 3 3 3 2 . 3 5 3 3 . 3 7 0 3 . 
2 9 6 8 . 3 1 8 3 . 3 3 7 1 . 3 5 3 2 . 
1.0 1.0 1.0 1.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
3615. 4206. 4478. 
3069. 3490. 3685. 4077. 
2709. 3033. 3200. 3470. 
2456. 2 7 2 3 . 2874. 3078. 
2 2 7 3 . 2 5 0 2 . 2 6 4 3 . 2 8 0 9 . 
2136. 2339. 2 4 7 1 . 2615. 
2030. 2215. 2344. 2471. 
1948. 2 1 1 8 . 2 2 4 3 . 2 3 5 9 . 
.5 
. 5 
. 5 
. 5 
( 50.) ( 200.) ( 600.) (1200.) 
2694. 3171. 3485. 
****** 
2250. 2609. 2792. 3168. 
1 9 5 4 . 
2 2 4 0 . 2 3 6 7 . 2648. 
1747. 
1985. 2088. 2308. 
l597. 1802. 1892. 2 0 7 2 . 
1485. 1665. 1748. 1901. 
1399. 1561. 1640. 1773. 
1333. 1480. 1556. 1674. 
1 2 8 0 . 1416. 1 4 9 1 . 1598. 
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contents were employed (half of adiabatic in Table 2 and a variable 
fraction of adiabatic corresponding to equation (1) in Table 3). One 
of the most interesting results of this study is the relative insensitivity 
of the time and location of precipitation onset to total droplet concentration 
The first echo heights can be redefined in terms of the additional time 
(or height) required to reach the 10 dBZ echo intensity after passing the 
threshold water content defined by (3). These "adjusted" heights are 
presented in Tables 4, 5, and 6 for the same three bulk entrainment rates 
invoked in generating Tables 1-3. Adjustments of this sort to allow for 
the initial "incubation" period of a cloud in which coalescence growth is 
either absent or ineffective may ultimately simplify predictions of the time 
and location of precipitation onset and reduce some of the variability 
introduced by differing updraft velocities or entrainment rates. 
The parcel model used for these studies is an attractive tool for 
investigations of this sort. It is relatively inexpensive to run and 
produces a rather precise estimate of the height of precipitation development. 
These are both valuable attributes when performing a large set of runs for 
intercomparison. While intercomparisons between runs are relatively reliable 
with this model, the absolute accuracy of the locations of precipitation onset 
is suspect since the model neglects differential sedimentation of the falling 
drops. This problem can be addressed by using a "trajectory" model that 
allows explicit consideration of the relative motion of the growing raindrops. 
When incorporated into an appropriate framework (see Johnson, 1982), this 
sort of model can produce time-height cross-sections of radar reflectivity 
that behave very much like observed radar "first echoes" (e.g., Battan, 1953). 
Figure 16 shows one such cross-section calculated with an improved version 
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TABLE 4 
IBAT = 1.0 
HO HEIGHTS ADJUSTED FOR THRES2 10 DBZ ECHO HEIGHTS 
CLOUD BASE TEMPERATURE 
UPDRAFT VELOCITY. M/S (# CONCENTRATION. CM-3) -10 -5 0 5 10 15 20 25 30 
16.0 16.0 16.0 16.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
5 7 0 8 . 5 7 1 4 . 
5 6 3 0 . 
5 3 1 0 . 
5159. 5173. 5090. 5 2 0 8 . 
4 7 9 0 . 4 8 3 0 . 4 7 4 2 . 4 8 3 3 . 
4 5 3 1 . 4 5 8 9 . 4 4 9 8 . 4 5 6 9 . 
4 3 2 8 . 4 4 0 8 . 4 3 2 4 . 4 3 8 4 . 
14.0 14.0 14.0 14.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
5 9 0 8 . 5 9 4 3 . 5 8 6 7 . ****** 
5 1 8 7 . 5 1 9 7 . 5 1 2 3 . 5 2 9 2 . 
4 7 2 7 . 4735. 4663. 4780. 
4 4 1 1 . 
4 4 3 8 . 4 3 6 0 . 4 4 5 3 . 
4 1 8 8 . 4 2 2 6 . 4 1 4 5 . 4 2 1 8 . 
4 0 1 5 . 4 065. 3 9 9 1 . 4051. 
12.0 12.0 12.0 12.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
5240. 5 2 8 1 . 5214. 5 4 6 4 . 
4 6 6 1 . 4 6 7 4 . 4 6 0 9 . 4 7 6 7 . 
4279. 4285. 4223. 4 3 3 8 . 
4 0 1 3 . 4 0 3 0 . 3 9 6 2 . 4 0 5 7 . 
3 8 2 3 . 3 8 4 6 . 3 7 7 5 . 3 8 5 0 . 
3675. 3 7 0 4 . 3641. 3 7 0 3 . 
10.0 10.0 10.0 10.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
4 5 7 6 . 4 6 2 2 . 4565. 4 7 8 0 . 
4 1 1 9 . 4 1 3 9 . 4 0 8 2 . 4 2 2 8 . 
3809. 3 8 1 5 . 3762. 3 8 7 4 . 
3 5 8 9 . 3 6 0 1 . 3 5 4 3 . 3 6 3 9 . 
3 4 3 1 . 
3 4 4 4 . 3 3 8 3 . 3 4 6 0 . 
3 3 0 7 . 3 3 2 2 . 3 2 6 8 . 3 3 3 3 . 
8.0 3.0 8.0 
8.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
4 4 3 4 . 4 5 5 1 . 
4528. 
****** 
3901. 
39 5 2 . 3906. 
4086. 
3 5 5 2 . 3 5 8 1 . 3 5 3 1 . 
3 6 6 3 . 
3308. 3319. 3 2 7 4 . 3381. 
3 1 3 1 . 
3 1 4 3 . 3 0 9 4 . 3 1 8 8 . 
3 0 0 4 . 3013. 2 9 6 0 . 3 0 3 9 . 
2 9 0 3 . 2 9 1 0 . 2 8 6 5 . 2 9 3 2 . 
6.0 6.0 6.0 6.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
3565. 3668. 3 6 5 7 . 3 8 3 1 . 
3197. 3 2 5 1 . 3220. 3359. 
2 9 4 4 . 2 9 8 0 . 2 9 4 2 . 3 0 5 5 . 
2 7 6 0 . 2780. 2 7 4 3 . 2 8 4 1 . 
2 6 2 5 . 2 6 4 4 . 2 6 0 2 . 2 6 9 2 . 
2 5 2 8 . 2 5 4 0 . 2 4 9 6 . 2 5 7 3 . 
2 4 5 0 . 2 4 5 7 . 2 4 2 0 . 2 4 8 8 . 
4.0 4.0 4.0 4.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
3 0 0 3 . 3 1 1 8 . 3 1 6 4 . 3 2 8 1 . 
2656. 2743. 2 7 4 2 . 2 8 4 4 . 
2 4 2 9 . 2 4 8 2 . 2 4 6 8 . 2 5 6 0 . 
2 2 6 4 . 2 3 0 5 . 2 2 8 4 . 2 3 6 5 . 
2139. 2 1 6 6 . 2 1 4 3 . 2 2 2 1 . 
2 0 4 4 . 2 0 7 2 . 2 0 4 1 . 2 1 1 8 . 
1978. 1 9 9 8 . 1 9 6 3 . 2 0 3 2 . 
1923. 1938. 1909. 1970. 
3.0 3.0 3.0 3.0 
( 50.) ( 200.) ( 600.) (1200.) 
2 7 5 1 . ****** ****** ****** 
2404. 2 4 9 5 . 2 5 3 0 . 2 5 8 9 . 
2162. 2238. 2243. 2 3 0 5 . 
1999. 2049. 2044. 2 1 0 3 . 
1 8 7 7 . 1 9 1 9 . 1 9 0 7 . 1 9 6 7 . 
1782. 1811. 1798. 1858. 
1708. 1739. 1718. 1761. 
1658. 1 6 8 2 . 1 6 5 5 . 1713. 
1615. 1634. 1613. 1666. 
2.0 2.0 2.0 2.0 
( 50.) ( 200.) ( 600.) (1200.) 
1943. 2035. 2043. 2 0 2 8 . 
1757. 1824. 1842. 1847. 
1613. 1 6 7 7 . 1682. 1702. 
1514. 1557. 1560. 1590. 
1435. 1 4 7 4 . 1 4 7 2 . 1505. 
1370. 1400. 1396. 1434. 
1 3 2 0 . 1 3 5 2 . 1340. 1 3 8 4 . 
1 2 8 7 . 1313. 1296. 1336. 
1257. 1279. 1268. 1304. 
1.0 1.0 1.0 1.0 
( 50.) ( 200.) ( 600.) (1200.) 
1032. 
1073. 
1013. 
9 4 6 . 
9 9 8 . 1035. 1018. 
9 7 7 . 
9 5 1 . 9 9 6 . 9 8 5 . 9 6 3 . 
9 1 8 . 9 4 8 . 9 4 6 . 9 3 8 . 
8 8 6 . 9 1 6 . 9 1 5 . 9 1 2 . 
8 5 5 . 8 7 8 . 8 8 1 . 8 8 5 . 
8 3 1 . 8 5 8 . 8 5 5 . 8 6 8 . 
8 1 8 . 8 4 0 . 8 3 3 . 8 4 4 . 
803. 823. 822. 8 3 2 . 
.5 
.5 
.5 .5 
( 50.) ( 200.) ( 600.) (1200.) 
4 5 1 . 4 6 3 . 3 5 8 . 2 8 1 . 
5 0 2 . 5 1 9 . 4 6 8 . 4 1 5 . 
5 1 2 . 
5 4 2 . 5 0 6 . 4 6 9 . 
5 1 8 . 537. 5 1 7 . 4 9 2 . 
515. 5 3 6 . 5 2 2 . 5 0 2 . 
505. 5 2 0 . 5 1 4 . 501. 
4 9 7 . 5 1 7 . 5 0 8 . 5 0 3 . 
4 9 6 . 5 1 3 . 5 0 2 . 4 9 6 . 
4 9 2 . 
5 0 6 . 5 0 3 . 4 9 6 . 
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TABLE 5 
IBAT = .5 
CHO HEIGHTS ADJUSTED FOR THRESZ 
10 DBZ ECHO HEIGHTS 
CLOUD BASE TEMPERATURE UPDRAFT VELOCITY, M/S (# CONCENTRATION. CM-3) - 1 0 - 5 0 5 10 15 20 25 30 
16.0 16.0 16.0 16.0 
( 50.) ( 230.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
6 S 8 0 . 6878. 6779. 6 9 9 1 . 
6 5 4 7 . 
6 5 4 0 . 6 4 3 2 . 6 6 0 8 . 
14.0 14.0 14.0 14.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
6694. 6 7 1 3 . 6 6 2 6 . 6889. 
6270. 6 2 7 7 . 6190. 6393. 
5988. 5 9 8 6 . 5 8 9 1 . 6064. 
12.0 12.0 12.0 12.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
****** ****** ****** ****** 
6 5 1 7 . 6592. 6 5 1 1 . 
6850. 
5 9 9 0 . 6 023. 5 9 4 5 . 6 1 8 5 . 
5642. 5661. 5584. 5777. 
5409. 5 4 1 4 . 5 3 3 0 . 5499. 
10.0 10.0 10.0 10.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** 
****** 
6329. 6 4 9 3 . 
6 4 6 6 . 
****** 
5676. 5 7 5 8 . 5691. 5 973. 
5269. 5 3 1 6 . 5 2 4 8 . 5 463. 
4990. 5 0 2 2 . 4954. 5 1 3 4 . 
4800. 4817. 4743. 4 9 0 4 . 
8.0 8.0 
8.0 
8.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
****** ****** ****** ****** 
5237. 5431. 5 4 1 4 . 5 693. 
4823. 4908. 4 8 5 8 . 5083. 
4 5 1 7 . 4S76. 4 5 2 1 . 4706. 
4 3 0 1 . 4 3 4 6 . 4289. 4 4 5 1 . 
4153. 4 1 8 3 . 4 1 1 8 . 4 2 6 7 . 
6.0 6.0 6.0 6.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** 
****** ****** ****** 
****** ****** ****** ****** 
4737. 4921. 4990. 
****** 
4243. 4367. 4360. 4 5 4 3 . 
3 9 3 1 . 4016. 398S. 4 1 4 7 . 
3714. 
3780. 3744. 3887. 
3555. 3 6 1 1 . 3570. 3704. 
3 4 4 7 . 
3 4 8 9 . 3 4 3 8 . 3566. 
4.0 4.0 4.0 4.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** 
****** 
3833. 4035. ****** ****** 
3415. 3541. 3586. 3672. 
3141. 3 2 4 2 . 3245. 3334. 
2956. 3034. 3 0 2 1 . 3116. 
2 8 2 0 . 2886. 2872. 2961. 
2716. 2777. 2 7 5 8 . 2845. 
2 6 4 7 . 2 6 9 7 . 2 6 6 7 . 2756. 
3.0 3.0 3.0 3.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
****** ****** ****** ****** 
2977. 3120. 3153. 3159. 
2720. 2818. 2847. 2 8 6 8 . 
2 5 3 9 . 2625. 2629. 
2 6 6 8 . 
2412. 2481. 2476. 2 5 3 2 . 
231S. 2376. 2372. 2427. 
2238. 2297. 2288. 2 3 4 7 . 
2 1 9 0 . 2238. 2220. 2 2 8 2 . 
2.0 2.0 2.0 
2.0 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
2 2 1 0 . 2313. 2 1 7 6 . 1904. 
2080. 2169. 2142. 2076. 
1963. 2032. 2033. 1998. 
1868. 1936. 1930. 1919. 
1797. 1854. 1849. 1860. 
1739. 1792. 1792. 1808. 
1691. 1743. 1743. 1764. 
1664. 1708. 1699. 1728. 
1.0 1.0 1.0 1.0 
( 50.) ( 200.) ( 600.) (1200.) 
379. ****** ****** 
****** 
9 5 2 . 9 6 1 . 7 0 1 . 3 7 1 . 
1046. 1082. 
975. 
861. 
1063. 
1095. 
1046. 
967. 
1053. 1094. 1055. 1003. 
1041. 1078. 1051. 1020. 
1026. 1062. 1048. 1022. 
1009. 1047. 1038. 1019. 
1006. 1038. 1025. 1013. 
.5 .5 .5 .5 
( 50.) ( 200.) ( 600.) (1200.) 
****** ****** ****** ****** 
171. 128. ****** ****** 
375. 3 7 7 . 2 2 0 . 100. 
465. 4 7 3 . 380. 295. 
506. 5 2 9 . 4 5 2 . 391. 
5 3 1 . 5 5 2 . 4 9 3 . 4 5 1 . 
5 4 3 . 565. 5 2 4 . 
4 8 4 . 
5 4 7 . 572. 539. 505. 
5 6 0 . 5 8 0 . 5 4 6 . 5 1 8 . 
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TABLE 6 
IBAT = - 1 . 0 
CHO HEIGHTS ADJUSTED FOR THRES2 
10 DBZ ECHO HEIGHTS 
CLOUD BASE TEMPERATURE 
UPDRAFT VELOCITY. M/S (# CONCENTRATION. CM-3) -10 -5 0 5 10 15 20 25 30 
16.0 ( 50.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 16.0 ( 200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 16.0 ( 600.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 16.0 (1200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 
14.0 ( 50.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 14.0 ( 200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 14.0 ( 60O.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 14.0 (1200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 
12.0 ( 50.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 12.0 ( 200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 12.0 ( 600.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 12.0 (1200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 
10.0 ( 50.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 10.0 ( 200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 1 0.0 ( 600.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 10.0 (1200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 
8.0 ( 50.) ****** ****** ****** ****** ****** ****** ****** 6 8 2 4 . 6498. 8.0 ( 230.) ****** ****** ****** ****** ****** ****** ****** ****** 6 7 1 7 . 8.0 ( 600.) ****** ****** ****** ****** ****** ****** ****** ****** 6707. 8.0 (1200.) ****** ****** ****** ****** ****** ****** ****** ****** ****** 
6.0 ( 50.) ****** ****** ****** ****** ****** 6210. 5731. 5 4 2 8 . 5215. 6.0 ( 200.) ****** ****** ****** ****** ****** 6544. 5975. 5636. 5 4 0 2 . 6.0 ( 600.) ****** ****** ****** ****** ****** ****** 6037. 5663. 5 4 0 6 . 6.0 (1200.) ****** ****** ****** ****** ****** ****** 6214. 5827. 5578. 
4.0 ( 50.) ****** ****** ****** ****** 4660. 4323. 4103. 3 9 4 8 . 3 8 3 1 . 4.0 ( 200.) ****** ****** ****** ****** 4909. 4519. 4269. 4 1 0 2 . 3975. 4.0 ( 600.) ****** ****** ****** ****** 4917. 4541 . 4291. 4 1 2 0 . 3983. 4.0 (1200.) ****** ****** ****** ****** 4785. 4508. 4302. 4 1 4 8 . 4038. 
3.0 ( 50.) ****** ****** ****** 3681. 3511. 3352. 3232. 3 1 4 1 . 3067. 3.O ( 200.) ****** ****** ****** 3 7 9 0 . 3655. 3 4 8 7 . 3357. 3263. 3186. 3.0 ( 600.) ****** ****** ****** ****** 3543. 3451. 3345. 3 2 6 1 . 3183. 3.0 (1200.) ****** ****** ****** ****** 3237. 3334. 3288. 3 2 2 7 . 3178. 
2.0 ( 50.) ****** ****** ****** 2 2 1 1 . 2 3 2 0 . 2 3 0 9 . 2279. 2249. 2 2 1 8 . 2.0 ( 200.) ****** ****** ****** 2153. 2375. 2 3 8 5 . 2358. 2 3 3 2 . 2303. 2.0 ( 600.) ****** ****** ****** 1166. 2148. 2276. 2296. 2 2 9 3 . 2 2 7 1 . 2.0 (1200.) ****** ****** ****** ****** 1807. 2 0 9 2 . 2179. 2 2 0 3 . 2 2 1 2 . 
1.0 ( 50.) ****** ****** ****** 6 2 9 . 956. 1083. 1146. 1180. 1198. 1.0 ( 200.) ****** ****** ****** 433. 9 2 3 . 1092. 1169. 1215. 1238. 1.0 ( 600.) ****** ****** ****** ****** 5 7 4 . 883. 1023. 1104. 1143. 1.0 (1200.) ****** ****** ****** ****** 188. 659. 365. 9 7 1 . 1039. 
.5 ( 50.) ****** ****** ****** ****** 9 7 . 295. 4 0 9 . 4 8 3 . 530. .5 ( 200.) ****** ****** ****** ****** 2 . 255. 391. 4 8 0 . 536. .5 ( 600.) ****** ****** ****** ****** ****** ****** 190. 316. 3 9 1 . .5 (1200.) ****** ****** ****** ****** ****** ****** 23. 174. 2 7 8 . 
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Figure 16. Time-height r e f l ec t i v i t y cross-section from 
"trajectory" model of prec ip i ta t ion i n i t i a t i o n . 
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of the "trajectory" model. Rather than producing a single estimate of 
the height at which the radar reflectivity reaches detectable limits, this 
sort of model actually predicts the base and top heights of the echo as a 
function of time. By scanning over the calculated cross-sections, it is 
then possible to estimate the average heights of the echo top and base 
expected in an observational study. 
The current version of this model has been improved to include the 
velocity adjustments for changing air densities and variable entrainment 
algorithms already introduced into the parcel model. In addition, in 
order to improve the resolution of the calculated cross-sections, it has 
been necessary to increase the number of drop categories used in the 
computations by a factor of four over that used in the parcel calculations 
(to 101 categories). While it may not be possible to explore the full 
range of initial conditions studied with the parcel model, an extensive 
set of runs using the trajectory model is currently underway. 
ICE-MULTIPLICATION 
In some clouds, many more ice crystals are observed at temperatures 
of -10°C, or warmer, than can be accounted for by measured concentrations 
of ice nuclei. This has long been interpreted as evidence for some sort of 
ice multiplication mechanism. In a series of articles, Hallett and Mossop 
have reported on laboratory experiments supporting a possible "splintering" 
mechnaism for the production of secondary ice crystals (Hallett and Mossop, 
1974; Mossop and Hallett, 1974; Mossop, 1978a; Mossop and Wishart, 1978). 
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In laboratory studies of ice-multiplication Mossop (1978a) suggested 
that the rate of production of secondary ice crystals is proportional to 
NlNs0.93, where Nl is the number of large drops (D > 24 µm) swept up 
each second by a falling graupel particle at -5°C and N is the corresponding 
sweep-out rate of small (D < 13 µm) drops. Recently Mossop (personal 
communication) has suggested that the exponent Q.93 may be unrealistically 
precise and that a simplier proportionality of NlNs is probably more 
appropriate. 
In many cases, the cloud droplet distribution can be descirbed 
accurately by a gamma distribution. Following Berry and Reinhardt (1974), 
for example, the cloud droplet distribution can be expressed as 
(5) 
where, 
and where f<x> is the number density of drops of mass x, N is the total 
number concentration of cloud droplets, L is the liquid water content, 
and v is a shape parameter specifying the breadth of the distribution. 
The relative dispersion of droplet distribution is often observed 
to be near 0.2. This corresponds rather closely to a value of v = 2. 
In some observations, however, the relative dispersion appears to increase 
with height above cloud base (e.g., Warner, 1969). In this case the 
appropriate value of v could vary from v = 2 down to v = 0 (relative 
dispersion 0.4). 
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Whatever the value of v, of course, it is always possible to integrate 
(5) to give the number of drops larger or smaller than any specified size 
limit. This means that, with an appropriate choice for v, the total droplet 
distribution can be expressed in terms two physically meaningful parameters: 
N and L. The relative number of large and small drops swept out by a 
falling graupel particle, however, will not necessarily be directly 
proportional to the relative number concentration of large and small drops 
since the collection efficiency for capture by the graupel will be different 
for the large and small size-ranges that are of interest. Examination of 
the collection efficiencies suggest that the collection efficiencies for 
small drops (D<13 µm) is typically about 80% of the corresponding collection 
efficiency for large drops (D > 24 urn) over a wide range of possible graupel 
diameters. 
Taking this relative collection efficiency into account, Figures 17, 
19, and 21 illustrate the relative effectiveness of the Hallett-Mossop ice-
multiplication mechanism as a function of the cloud base temperature and 
droplet concentration. In all cases the contours of relative efficiency 
are labeled in relative units only. Figure 17 is based on adiabatic water 
contents, while Figure 19 is appropriate for water contents that are half 
adiabatic and Figure 21 corresponds to the mean observed water contents 
shown in Figure 2. In each of these cases, the shape parameter v was 
assumed to be constant (=2). Figures 18, 20, and 22 repeat the same sort 
of estimates of ice-multiplication effectiveness, but in this case invoke 
a variable v which ranges from 2 (at cloud base) to 1 (at 750 m above 
cloud base) and ultimately to 0 (at 2 km altitude and above). These plots 
agree rather well with the empirical "boundary" suggested by Mossop (1978b) 
-37-
Figure 17. Relative efficiency of the Hallett-Mossop 
ice-mult ipl icat ion mechanism for 
adiabatic water contents. 
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Figure 18. Relative efficiency of the Hallett-Mossop 
ice-mult ipl icat ion mechanism for 
adiabatic water contents . 
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Figure 19. Relative efficiency of the Hallett-Mossop 
ice-multipl ication mechanism for water 
contents that are 50% of adiabat ic . 
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Figure 20. Relative efficiency of the Hallett-Mossop 
ice-mult ipl icat ion mechanism for water 
contents that are 50% of adiabat ic . 
- 4 1 -
Figure 21. Relative efficiency of the Hallett-Mossop 
ice-mult ipl icat ion mechanism for mean water 
contents (see Figure 2). 
- 4 2 -
Figure 22. Relative efficiency of the Hallett-Mossop 
ice-mul t ip l ica t ion mechanism for mean water 
contents (see Figure 2) . 
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separating conditions conducive for ice multiplication from those not 
conducive, but goes well beyond the boundary concept. 
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